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IN100-POUND+IWSTROCKETENGINE
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ByPaulM. Or~in,EdwardA.Rothenberg,andWilliamH. Rowe
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Specific.impulse>characteristicvelo~ity,thrustcoefticient,and +

heatrejectionof liquid“fluorinean?la ftilc~nsisti~of a hdrazine-
amoniamifiureweredeterminedfora range-.affuelpercentages(fuelto
totalpropellantflow)ina 100-pound-thrust”rocketenginedesignedfor ~<

a conibustion-chsmiberpressureof 300pounds-~ersquareinchabsolute.
Thefu~lconsistedof 59percenthydrazine,37percentammonia,and
4 percentwater. ,

Themaximumiexperimentalspecificimpulsewas277pound-secondsper
po~d (88percentof thetheoreticalvalue)at 37weightpercentfueland”-
wasobtainedtitha onefuel- oneoxidantimpinging-jetinjectorina
50L* engine.~enatur>tiencecoilwaspl.acedinfrontoftheinjector, ,.
theperformancewasincr~asedovertherangeof 17to 35weightpercent
fuelbutthemaximumperformancewas276pound-secondsperpoundat

.—

33weightpercentfuel. Thecorrectionfortheheatrejectionandfor
deviationsfromthereferencecombustion-chamber’pressureraisedthe
specificimpulseobtainedwiththeonefuel- oneoxidantimpinging-jet‘“
injectorwitha turbulencecoflto 284pound-secondsperpound,approxi-
mately94percentofthetheoreticalvalueforthenozzleandfuelused.
Thespecificimpulse-fortheonefuel- oneoxidantimpinging-jetinjec-
torwithouttheturbulencecoilwasincreasedto 282pound-secondsper
poundby thecorrections.

Theexperimentalcharacteristicvelocitywiththeonefuel- one
oxidantimpinging-jetinjectorreacheda maximumof 6690feetpersecond
(94percentofthetheoreticalvalue)at 34weightpercentfuel. The
experimentalcharacteristicvelocitywiththeonefuel- oneoxidant

-“

impinging-setinjectorwzthturbtiencecoilwasincreasedovertheentire
fuel-oxidantrangewithamaxinmnof6820feetpersecond(96percentof ~“
thetheoreticalvalue)at 33weightpercentfuel. Themaximume~eri- .
mentalthrustcoefficientobtainedfromthecurvedrawnthroughallthe ,
e~erimentalpointswas1.30,92percentof thetheoreticalvalue.Heat j +
reJectionvaluesfrom2.0to 3.6Btupersecondpersquareinchwere
obtainedforthe50L* enginewiththeiqfngfng-jetturbulence~jector w

. andvaluesfrom2.0to 2.5Btupersecondpersquareinchwiththe
hpinging-jetinjector. -.

r Theperformanceobtainedwitha 100L* enginewitha shower-head-
typeinjectorfittedwitha turbulencegridwaswithin4 percentof that
obtainedwiththeinpinging-jetturbulencecoilinjector,whiletheheat



2 NACARM E52H22

rejectionwasapproximately20percentlowers.NO difficultiesW-
experiencedwithsoliddepositsintheengin~..d~ing.the.@vestigation.-

INTRODUCTION‘-

It isgenerallyagreedthatthedesirabilityofusingliquidfluorine
asa rocketoxidantislimitedto long-rangemissilesinwhichhighspe-
cificimpulseandhighbulkdensitiesarepr_tiefactorsinreducingmis-
sileweightorincreasingrange.Satisfactorytechniquesforthehandl~ng
of liquidfluorinehavebeendevelopedwhich.indicatet~t theloadi~of
a missilewithM.qtidfluorinewillnotbe yrticulsrlydifficult.

Maximumtheoretical.specific-impulsevalues,basedonequilibrium
expansionfroma combustion-che.niberpressue.Ofw ~oundsPersq~e ifi~h
absoluteforliquidfluorineandliquidoxygenwithvsxiousfuelsare:

HytiogenLithiumHydrazine 60 percentN2H4AmmoniaDibor~e
H2 Li N2H4 40percentNH3 NH3 B2H6

Oxidant
Fluorine 364 a335 315 313 312 b311

Oxygen C349 c318 C270 ’263 257 239
(Frozen
expansion)

aReference1.
preference2.
preference3.
‘Reference4.

Theexperimentalevaluationof
withseveralofthefuelslistedis

theperformanceof liquidfluorine
beingconductedattheNACALewis

laboratory.Theresultsobtainedwithliquidfluorineandliquid
diboranearepresentedinreference2. Otherfuelsof interestare
ammonia,hydrazine,-mixturesofammoniainhydrazine,andliquidhydro-
gen. Thefuelselectedfortheexperimentalinvestigationreported
hereinwasa 37-weight-percentsolutionof smmniainhydrazine;the
selectionwasbasedona compromiserequtie~ntofphysicalandper-
formancepropertiesbetweenliquidamoniaandhydrazine.Theadvantages
of liquidsmmoniaasa rocketfuelsreitsavailability,lowcost,and
lowfreezingpoint-whereasthedisadvantagesincludehighvaporpressure,
lowerdensity,andslightlylowerperformance.Hydrazineas a rocket
fuelhastheadvantagesofhigherdensity,lowervaporpressure,and
higherperformancewiththedisadvantagesofa comparativelyhighfreezing
point,lowavailability,aridhighcost.A listofthepropertiesof -
liquidfluorine,ammonia,hydrazine,anda mixtureof37-we@ht-percent
ammoniainhydrazineisgivenintableI. A mixtureof 38-weight-percent
ammoniainhydrazineishomogeneouswitha meltingpointof -37.5°C.

Theinvestigationreportedhereinwasconductedat theNACALewis
laboratorywitha 100-pound-thrustrocketengineata codmstion-chamber
pressureof 300poundspersquareinchabsolyte.Experimentalvalues-
weredeterminedforspecificimpulse,characteristicvelocity,thrust
coefficient,andheatrejectionfora r~ge offuelpercentages.The
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propell.emtinjectionmethodswerevariedduringtheinvestigationin
. orderto obtainexperimentalperformancecomparabletothetheoretical

values.Theeffectsoftheinjectionsystemonthespecificimpulse,
characteristicvelocity,andheattransferwereobserved.Inaddition,
thecharacteristicenginelengthwasvariedfrom50to 100inchesand
itseffectontheperformancewasobserved.

SYMBOLS

Thefollowingsymbolsareusedin thisreport:

At

At/W

s-t
c*

I

Icorr

Iexp

J

K

. Pt

exhaust-nozzlethroatarea,sq in.or sqft

throatareaperunitflowrate,sqft/lb/sec

velocityof soundatthroat,ft/sec

characteristicvelocity,PcAt g/W.+ Wf,ft/sec

thrustcoefficient,F/PcAt

enginethrust,lb

gravitationalconstant,32.17ft/sec2

theoreticalspecificimpuke

experimentalspecificimpulseofrocketenginecorrectedforheat
rejection,lb-see/lb

experimentalspecificimpulseof rocketengine,F/W.+ Wf,
l.b-sec/lb

mechanicalequivalentofheat,778ft-lb/Btu

rate”of clu%ageof specifictipulsewithcombustion.chsznberpres-

‘“e’ *

characteristiclength,ratioof combustion-chmibervolumetonozzle
throatarea,in.

meanmolecularweightat nozzlethroat,g/mol

combustion-chamberpressure,lb/sqin.absoratm

pressureatnozzlethroat,lb/sqin.oratm



heatrejectionperunitpropellantweight,Btu/lb

theoretical

theoretical

theoretical

@ambertemperature,%

exittemperature,%

temperatureatnozzlethroat,%

NACARM E52H22
.

fuelflow,lb/see

oxidantfluw,lb/see

resultantangleof impingingjetswithrespectto engineaxis

changeinspecificimpulsewithchamber

idealthermodynamiccycleefficiency,1

PROPELLANTS

pressure

- ‘e/Tc

Gaseousfluorinewasobtainedfroman industrialsupplier
mercialgascylinders.Eachcylindercontainedabout6 pounds
98-percent-purefluorineundera pressureofapproximately360
persquareinchabsolute.Thefluorinegaswascondensedina
tankthatwasimmersedina liquidnitrogenbath.

in com-
Of
pounds
nickel

●

�✍

Thefuelusedwasa mixtureof59percenthydrazfne,37percent
ammonia,and4 percentwater.Themixturewaspreparedlyintroducing
a weighedamountof comercialhydrazineintoa mixingtank. The
requiredamountofammoniawasthenbubbledthroughthehydrazine.The
mixingtankwasvigorouslyagitated,thenallowedto standforseveral
daysinorderto obtaina uniformmixtur?.Thecompositionofthemix-
turewasbasedontheweighedquantitiesofammoniaandhydrazine.The
freezingpointofthemixturewasfoundtobe -34°C as comparedwitha
previouslypublishedvalueof -37.5°C fora mixturecontaining57.04per-
centhydrazine,38.0percentamnonia,and4.96percentwater(reference4).

—

.

.
—

APPARATUS

A completeflcn-diagramoftheapparatususedthroughouttheinves-
tigationisshowninfigure1. Helium,controlledbytwo-stagepressure
regulation,wasusedtodrivethepropellantsintothecombustion’chamber. —
Thepressurizingheliumwascooledina liquid-nitrogenbathbeforeenter-
ingthefluorinesu~ylytank. .

.
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Thefluorineflowsystemwasmadeup entire3yofnickelormonel
. tubingandbrassfittings.Thefluorineflowlinesandhandvalveswere

Jacketedtopermitcoolingwithliquidnitrogen.Theliquid-fluorine
supplytank,immersedina constant-levelliquid-nitrogenbath,was
suspendedfroma cantileverweighingbeam. A photographofthefluorine
supplysystemis showninfigure2. Remoteandhandoperatedvalvesin
thefluorinesystemwereofthecommercialrefrigerationtype,packless
andwithcopper-monelseats.Figure3 isa diagrammaticsketchofthe
remoteoperatingmechanismusedfortheflow-controlvalvesinthe
fluorinesystem.

A closedsystemwasusedtotransferthehydrazine-amnoniamixture
fromthemixingtanktothesupplytank.Thesupplytankwassuspended
fromonesideofa chemicalbalancebeam. Enoughweightwasputonthe
othersideofthebeamto justcounterbalancetheweightoftheempty
fueltank. Stainless-steellines,fittings,andvalveswereusedto
carrythefueltotherocketengine.

Thethruststandwasa bearing-typepivotedstandwiththeengine
mountedata downwardangleof 30°ontheendofone,leverarmwiththe
secondleverarm,ofequallength,attachedtoa cantileverbeam.A

. photographofthethruststandwitha rocketmountedisshowninfig-
ure4.

Theengineassemblyconsistedoftwounits,a water-cooledconibus-
tionchamberwitha nozzleanda propellantinjector.Therocketengines
weredesignedto deliver100=poundsthrustata combustion-chamberpres-
sureof 300poundspersquareinchabsolute.Theconibustionchambers
hadcharacteristiclengthsof 50and100inches.

Boththecombustionchsmberandnozzleweremadeof eithernickel .
orbrassandweredesignedforeitherannularor spiralcoolantpassages.
A dimensionalsketchanda photographofthenickelannularcooledchsm-
berareshowninfigure5. Thecombustionchaniberandnozzleforthe
brassengineweredesignedtopermit0.004-inchnickelplating.The
platingwasnotadherent,andfortheseveralrunsmadethevalueof
thethroatdiameterusedinthecalculationswas0.561inch.A pres-
surizedsupplytankprovidedwaterata flowrateof 5 to10poundsper
second,whichwassufficientto cooltheengine.A coolantvelocityof
approximately100feetpersecondwasmaintainedat thenozzlethroat
section.

Theperformanceofa numberofdifferentinjectorswasstudied.A
shower-headtypeinjectorwasusedwhichhad22fuelholesand66oxidant
holes(fig.6). Theshower-headinjectorwasmodifiedby forminga

● water-cooledgridof 3/16-inchcopperttiingandmountingitapproxi-
mately5/8inchfromtheinjectorface(fig.7). An impinging-jet
injector”.
ofholes

consistingofonefueljetononeoxidantjetwitheightpairs
(1-1.injector)wasalsoused(fig.8). Thisinjectorwas
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modifiedalsoby theadditionofa turbulent-ecdl. Theimpinging-jet
injectorwiththewater-coaledcoilof 3/16-inchcopperttiingis shown .
infigure9 (coilA). Thiscoilwaslatermodifiedslightlytoplacethe
firstcoilturnapproximately1/8inc$beyondtheimpingementpointof
thepropellantjets(coilB). An impinging-jetinjectorconsistingof six
setsofholeseachwithtwooxidantjetsimpingingononefueljetwas

—

investigated.Itwaslatermodifiedbytheadditionof a deflectorplate
to directtheoxidantflowacrosstheinnerfaceoftheinjector.The %
twooxidant

4.
- onefuelimpinging-jetinjectorsareshowninfigure10. P

IN8TR~IoN

Propellantflow.- Thepropellanttankswere.suspendedfromcanti-
leverbeamstowhichstraingageshad_beenIEemented.Thestraingages”
wereconnectedinresistancebridgecircuitsandchangesinweightwere
recordedasvoltagechangesona recording,:.seM-balancingpotentiometer.
Matchingunitspe@tted full-scalechartreadingsforthreedifferent
weightranges.A full-scalereadingcould%eobtainedat 1, 2,and
4 poundsinthefuelsystem,and
system.

Dead-weightcalibrationson
madebeforeandaftereachrun.
by recordingthenumberofchart
averagevariationindead-weight
forthefuelandoxidantsystems
measurementsforthefuelsystem
system1.2percent.

5,10,and15poundsinthefluorine .-
.

boththefuelandoxidantsystemswere
Thedead-weightconstantswereobtained
spacesperunitofappliedweight.The

*.._-

constantthroughouttheentireprogram
.-

wasM.6 percent.Theprecisionof flow
was1.1percentandfortheoxidant

Thrustmeasurement.- Thrustwasmeasuredlya straingagemounted
ona cantileverbesmandrecordedthrougha resistance-b&id&ecircuiton
a recording,self-balancingpotentiometer.A matchingunitprovideda
variationof thefull-scalerange.Fullchartscalecouldbeobtained
at 50,100,or 200poundsforce.

Thrustwasdeterminedfromtheaverageof dead-weightcalibrations
madebeforeandaftereachrun. Thesecalibrationsweremadewithout
enginecoalant-waterflow;calibrationsmadewiththeenginecoolant
waterwerewithin1 percentofthevaluesobtainedwithoutthecoolant
water.Theaverage“variationofthedeadweightconstantthroughoutthe

.-

entireprogramwas&Lo3percent.Thereproducibilityofthe~eri- ‘-
mentally
constant

determinedthrust,includingthevariationsdueto dead-wei@t
andchartreadingwaswithin1.7percent.

.—
.

v

.
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Pressureandtemperature.- tiopellant-andcoolant-injectionpres-
andcomtmstion-chamberpressureweremeasuredby Bourdontube-t~e

. pressuregages.Thegageswerephoto~phedat a rateof 4 framesper
secondduringa run. Chamberpressurewasalsomeasuredlya Bourdon-
tubepressurerecorder.

Copper-cogstantanandiron-constantanthermocou@es,theoutputsof
whichwererecordedon self-balancingpotentiometers,wereusedtomeas-
urepropellant-injectiontemperatures,enginecoolant-waterinletand
outlettemperatures,andcoilcoolant-waterinletandoutlettemperatures.
Temperaturereadingsareaccuratetowithtn1 percent.

Coolantflow.-“Theenginecoolant-waterflowwasmeasuredby a
variable-areaorificemeterequippedwithan electrictransmitterand
recorder.Theaccuracyofthismeasurementwaswithin2 percent.

Thecoilcoolant-waterflowwasohtainedbyplottingwaterflow
againstthepressureonthecoolantsupplytank.Thewaterflowwas
determinedby weighingthewater-flowingthroughthecoilovera given
timeinterval.

●

PROCEDURE

. Operations.- Priortothefiringoftherocketengine,allvalves
andfittingswerepressurechecked.Theentirepropellantflowsystem
wasthenpurgedwithhelium.Thehydrazine-smnoniamixturewasloaded
througha closedsystemdirectlyintothefuel-supplytank. Thefluorine
cylinderwasopenedremotely(fig.2)andgaseousfluorinewascondensed
intheliquid-nitrogen-cooledfluorine-supplytank.

Thepropellant-supplytankswerepressurizedfroma remoteposition.
Liquidnitrogenwaspassedthroughthefluorineflowlinesuntilthe
lineswereattheliquid-nitrogentemperature;thenitrogenflowwas
stoppedandthefluorineflowvalveopened;immediatelythereafterthe
fuelflowvalvewasopened.Ignitionwasspontaneous.Aftertherun,
15to 30 secondsduration,bothpropellantsystemswerepurgedwith

.

helium.A heliumatmosphere,underaboutI_50poundspersquareinch
pressure,wasmaintainedinthepropellanttanksuntilthenextrun.

Datapresentation.- Thespecific’impulsewascalculatedfromthe
measuredthrustandpropellantflowrates.Foradiabaticcomparisons
withtheoreticaldata,thespecificimpulsevalueswerecorrectedfor
totalheatrejectionto thecombustion-chamberwallsandturbulencecoil.
Theheatrejectionwasts3cenastheproductofthespecificheatof

. water,thecoolantflowrate,andthetemperaturedifferencebetweenthe
inletandoutletcoolantwater.Theimpulsecorrectionusedwasa func-
tionof theidealthermodynamiccycleefficiencyandthecalculated

. totalheatrejectionandisgivenbytheequation
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‘.0,.=$=7= ‘ ““.
An additionalcorrectionwasappliedforanyvariationof chamber

pressurefroma baseof 300poundspersquareinchabsolute.Thiscor-
rection,basedonthetheoreticalincreaseof specificimpulsewith

—
—

combustion-chsmberpressureatoptimumarearatios,isapproximatedby ‘-
theequation

AIp=K log (p/Pc)

where Pc is300poundspersquareinchabsolute,
talvalueof the combustion-chamberpressure,and

-. No
1-

p istheexperimen-
K is88.65(fig.11).

Thepressurecorrectionswerelessthan2.5percentoftheexperimental
specificimpulseforthesevenrunswhichhadcombustion-chamberpres-
sureslessthan285andgreaterthan315poundspersquareinchandless
than1 percentfortheremainderoftheruns.

Theoreticalcalculationsindicatethatforthenozzleused,the
contributionofthepressurethrustwasonly1 percentoftheincreased
totalthrustinincreasingthecombustion-chamberpressurefrom300to
350poundspersquareinch.Theincreasein specificimpulseobtainable
withan increaseincombustion-chamberpressureisalmostentirely
causedby theincreaseinpressure-e~nsionratiothroughthenozzle
(reference6).

Characteristicvelocityandthrustcoefficientwerealsocalculated
fromexperimentallydeterminedvaluesof ccmibustion-chamberpressure,
propellantflowrate,andthrust.Thetheoreticalcharacteristicveloc-
itywascalculatedfromtheexpression

.

wherethethroatareaperunitflowratewasobtainedfromthecontinuity
equation

()A-t ()1.3144 Tt
r= equil Pt\ at

Thevelocityof soundandthenozzlethroatconditionsforequilibrium
compositionweredeterminedby themethoddescribedinreference1 father
thanby theconventionalmethodofusingthespecific-heatratios.The
theoreticalthrustcoefficientwasobtainedfromtheequation

.—
—

b

.
-m

.

—

.
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RESULTSANDDISCUSSION

.

Specificimpulse.- A compilationof theexperimentaldataisgiven
intabl’e11. Theexperimentalspecificimpulseisshowninfigure12for
a propellantmixturerangeof16to44weightpercentfuel;,thetheoreti-
calcurvebased”onequilibriumcompositionexpansionisalsoshownfor
comparison.Curvesaredrawnthroughtheexperimentalpointsobtained
withthe50L* engin”eusingthe1-1impinging-jetinjector,1-1impinging-
jetinjectorwithturbulencecoil,andshower-head-typeinjector.The
curvedrawnthroughthepointsobtainedwiththe1-1impinging-jetinjec-
torwithturbulencecoilgavethemaximumresultsintheregionfrom17
to 35weightpercentfuel,followingthetheoreticalcurvewithinW to
90percent.(Thetheoreticalvalueswerecalculatedby themethod
describedinreference6.) Themaximumexperimentalvalueforthiscon-
figurationwas276pound-secondsperpoundandwasobtainedat 33weight
percentfuel.Themaximumtheoreticalspecificimpulseof 313pound-secon~s
perpoundisat 28percentfuel;thestoichiometricratiois26.8percent.

—

Specificimpulsevaluesobtainedwiththe50L* engineand1-1
impinging-jetinjectorwerelowerintheregionof 17to 35percentfuel
thanthoseobtainedwhentheturbulencecoilwasused. Intheregion

. greaterthan35weightpercentfuel,however,theexperimentalperformance
withtheuseofthe1-1impinging-jetinjectorwithouttheturbulencecoil
wasslightlyhigherthanwiththecoil.Themaximumexperimentalvalue of.
277pound-secondsperpoundat 37percentfuelwasobtainedwiththe1-1
impinging-jetinjector.Sinceamnoniacanbe consideredas a coolant,the
greaterperformanceobtainedinthefuel-richregionisdesirable.Theuse
ofa moreefficientlydesignedturbulencecoilwouldprobablyhavegiven
evenhigherperformance.TworunsmadewiththeL* oftheengineincreased
to 100andtheimpinging-jetinjectorgaveno increaseinperfo~nce. The
performanceobtainedwiththeshower-head-typeinjectorandthe50L*
enginewasextremelylowthroughoutthefuel-oxidantrangeinvestigated.
A maximumexperimentalvalueof 223pound-secondsperpoundwasobtainedat
38percentfuel.WhentheL* oftheenginewasincreasedfrom50to100,
theperformance,indicatedby theonerunwiththeshower-headinjector,
increasedfrom220pound-secondsperpoundto 246pound-secondsperpound
at about34percentfwel.‘Themaximumspecificimpulseobtainedwiththe
100L* engineandshower-headinjectorfittedwitha grid-t~eturbulence
coilwas266pound-secondsperpoundas comparedwith276pound-seconds
perpoundobtainedwiththe1-1impinging-jetturbulenceinjectorinthe
50L* engine.

Thetheoreticalcurvecorrectedfornonparallelflowandforthe
compositionofthefuel,andtheexperimentalcurvescorrectedforheat
rejectionandfordeviationsfromthereferencecombustion-chamberpres-

● sureof 300poundspersquareinchabsoluteareshowninfigure12(b).
Thetheoreticalcurveislowereda totalofapproximately4 percent
becauseofthe30°divergentangleoftheexhaustnozzleandthe4 per-
centwaterinthefuel.Thecorrectedtheoreticalcurveindicatesa
maximumof 301pound-secondsperpoundat 28percentfuel. Ina compari-
sonoffigures12(a)and12(b),itcanbe seenthattheexperimentalcurve -
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obtainedwiththe1-1impinging-jetinjectorwith
raisedby thecorrectionsapproximately7 percent
region(17to 25weightpercentfuel)andabtit4
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*

turbulencecoilis
intheoxidant-rich
percentintheregion - “

from25to40weightpercentfuel.Themaximumvalueof 284pound-
secondsperpoundwasobtainedat 33percentfuel(94percentof the
theoreticalvalue,corrected).Theexperimentalvaluesobtained”with
the1-1impinging-jetinjectorareraisedapproximately4 percentinthe
regionfrom17to 25weightpercentfuel;andabout2 percentfrom25to
40weightpercentfuel.Thecorrectedexperimentalcurvesforthe1-1
impinging-jetinjectorwithandwithout-turbu~encecoilarethesamein
theregiongreaterthan35weightpercentfuel.Theexperimentalvalues
obtainedwiththeshowerheadandshowerheadwithgridinjectorare
raisedapproximately3 percentby theadditionoftheheat-rejection
corrections.Themaximumspecificimpulseofthe100L* enginewiththe
showerheadwithinjectorgridincreasedto 274pound-secondsperpound
(91percentofthetheoreticalvalue,corrected).

Theseresultsindicatethatinspiteofthehighreactivityof
fluorine,enginesusingthisoxidizerrequirea criticallydesigned
injectorforhighperformance.Thedifferencein specificimpulsevalues
obtainedwiththeimpinging-jetinjectorswithandwithoutturbulence
coils(fig.12)indicatestheimportanceofprovidingsomemeansof
increasingthemixingandresidencetimeofthepropellantsintheroe-
ketchamber.An increaseofapproximately3 to13percentinspecific
impulsein.theregionof 20to 33weightpercentfuelwasobtainedwith
theuseoftheturbulencecoil.Intheregi~nfrom36to43percent
fuel,theresultsfromtheimpinging-jetinjectorareslightlygreater.
Beyond36percentfuel,thecoilno longercontributestothemixingof
thepropellantsandthelowerperformanceis.aresultof theheatloss
tothecoil(seetableII). Thelocationofthecoilwithrespectto
theinjectoris important.Thecoilshowninfigure9 resultedinapprox-
imatelythesameperformanceas theinjector-withoutthecoil.However,
themodifiedcoilwiththeinitialturn1/8inchfromtheimpingement
pointofthejets(coilB) resultedintheincreasedperformanceshown
infigure12.

Themodifiedarrangementdidnotgivesuperiorperformanceoverthe
entirerange.Thiscanbe explainedby thefollowinganalysis.The
impinging-jetinjectorsas showninfigure8:.weredesignedwiththe
oxidantflowenteringthechamberaxiallywhilethefuelenteredata
600angle.Theresultantstreamwasdirectedinwardtowardsthecenter
oftheengineatananglewhichincreasedwithgreaterfuelflows.A
plotoftheresultantangleofmomentumagainsttheweightpercentfuel--“-
isshowninfigure13. Atweightpercentfuelsgreaterthan36,the
angleof theresultantstreamwassufficientlylargetomisstheturbu-
lencecoil,thus-resultinginno increaseinperformanceovertheplain
impinging-jetinjector.Theuseofan impinging-jetturbulencecoil
configurationwhichwillcausetheimpingementoftheres~tantpropel-
lantstream%iththecoilthroughoutthecom@etefuel-oxidantrange
willno doubtincreasetheperformancethroughoutthatrange.

.
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Theresultsobtainedwiththeshower-head-type
againtheimportanceofprovidingsufficientmixing

U

injectorindicate
andresidencetime

forthefluorineandhytiazine-ammoniapropellantcombination.Inthe
50L* engine,theperformanceremainedextremelylow;increasingtheL*
from50 to100toprovidegreaterresidencetimeincreasedth~perform-
anceapproximately10percent.Inorderto furtherincreasetheper-
formance,a coppergrid(fig.7)wasprovided.topromote,bettermixi~
ofthepropellants.Theresultsobtainedwiththegridandshower-head

N injectorcombinationwiththe100L* engineapproachedwithin4 percent
m oftheperformanceobtainedwiththeimpinging-jetturbulenceinjector
2 and50L* engine.

Characteristicvelocity.- Theeffectoftheinjectionsystemon
thecharacteristicvelocityis,of course,similartotheeffecton
specificimpulseas showninfigure14. Theexperimentalcurvesare
drawnthroughthepointsobtatiedinthe50L* enginewiththethree
injectors:1-1impinging-jetinjectorwithturbulencecoil,1-1impinging-
jetinjector,andshower-head-typeinjector.MaximumvaluesofC* were
obtainedwiththe1-1impinging-jetinjectorwithturbulencecoil.The
peakvalueof 6820feetpersecondwasobtainedat 33weightpercent
fuel,whichcomparesfavorablywiththetheoreticalmaxi?mmof7080feet
persecondat 31weightpercentfuel. Intheregionfrom22to40percent
fuel,experimentalvaluesfrom90to 96percentoftheidealtheoretical
valueswereobtained.

...

ThevaluesofC* obtainedwiththe1-1impinging-jetinjectorwere
lowerintheregionfrom17to 37weightpercentfuelthanthoseobtained
whentheturbulencecoilwasused;however)stilarvaluesforthetwo
injectorswereobtainedat fuelpercentagesgreaterthan37percent.The
tworunsmadewiththeuse,oftheimpinging-~etinjectorand100L*
enginegaveno increaseinperformance.Thevaluesof C* fortheshower-
headinjectorsnd50L* enginewerelowthroughoutthefuel-oxidantrange
investigated.Theuseoftheshower-headinjectorwiththe100L* engine
resultedinan increaseinperformancefromabout5820to 6260feetper
secondat 34percentfuel.Theresultsofthethreerunswiththetur-
bulencegridplacedinfrontoftheshower-headinjectorofthe100L*
enginewerewithin2 percentofthevaluesobtainedwiththeimpinghg-
jetturbulenceinjectorinthe50L* engine.Thepeakvalueobtatied
was6710 feetpersecondat 35weightpercentfuel.

hkximumexperimentalvaluesofC* from92to 96percentofthe
theoreticalvalueswereobtainedas comparedwiththe80to 90forthe
specificimpulseand88to 92forthethrustcoefficient.

A plotofthethrustcoefficientCF againstweightpercentfuel
isshowninfigure15. Themaximumexperimentalvalueof CF obtained
was1.30at 32weightpercentfuel,whichcomparedwiththetheoretically

.
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calculatedvalueof1.42. Measurementsoftheengine-throatdiameter,
whichweretakenimmediatelyafterrunning,indicatedno change.The
deviationortheexperimentalvaluesof CF fromthetheoreticalvalues
maybe duetothenozzle divergenceandheattransfertothenozzlewall
whichcouldresultinnonidealequilibriumconditions.

Heatrejection.- ThevaluesofheatrejectioninBtupersecondper
squareinchagainstweightpercentfuelfor theengineconfigurations
usedareshowninfigure16(a).Theheatrejectiontothecoilof the
impinging-jet-turbulenceinjectorremainedconstantat approximately
4 Btupersecondpersquareinchfrom17to 30weightpercentfueland
decreasedtoapproximately2.5Btuper secondpersquareinchat 39per-
centfuel.Thelowvaluesofheatrejectionoccurredat fuelpercentages
greaterthan36percent,thevalueatwhichtheresultantpropellant
streamsmissedtheturbulencecoil.Heatrejectionsof 2.5to 3.4Btu
persecondpersquareinchwereobtainedfromthe50L* engineinwhich
theimpinging-jetturbulencecoilinjectorwasused. Lowervaluesof
heatrejection,from2.0to 2.5Btupersecondpersquare,inchwere
obtainedforthe50L* engineinwhichthe1-1impinging-jetinjector
wasused.

Theheatre~ectionsto.the50L* engineinwhichtheshower-head
injectorwasusedwerelessthan1 Btupersecondpersquareinch.The
totalheatrejectionstotheimpinging-jettur?)ulencecoilinjectorwith
the50L* engineandshowerheadwithgridwiththe100L* engineare
giveninfigure16(b);alsoincludedarethetheoreticalchambertem-
peratures.Thetotalheatrejectionfortheimpinging-jetturbulence
coilwiththe50L* engineconfigurationvariedfrom3.6at 20percent
fuelto 2.0Btupersecondpersquareinchat43 percentfuel.Thetotal
heatrejectionfortheshowerheadwithgridwiththe100L* enginecon-
figurationas drawnthroughthethreeexperimentalpointsvariedfrom
2 Btupersecondpersquareinchat 16percentfuelto 2.4Btuper
secondpersquareinchat 35percentfuel.Theheatrejectionobtained
withtheshower-headwithgridwiththe100L* enginewasalmost20per-
centlowerthanthatoftheimpinging-jetturbulencecoilwiththe50L*
enginewhilethemaximumexperimentalspecificimpulsevaluewaswithin
4 percent.Thesepreliminaryresultswiththeshower-headwithgrid
injectorandthe100L* engine’indicatethatadditionalstudiesof such
a configurationmaybe warrantedinan effortto obtainhighperformance
withminimumcoolingrequirements.

Thetheoreticalchambertemperatureincreasedfrom3320°K at 16per-
centfueltoa maximumof4360°K at 26perce”titfuel.Theexittempera-
turecalculatedforequilibriumcompositionincreasedfrom1540°K at
16percentfueltoa maximumof 3160°K at 27percentfuel.
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Theonlyinjectorburnoutsexperiencedwerewithan impinging-jet
injectorconsistingoftwooxidantjetsimpingingononefuelset

. (fig.lo). Tworunsweremadebutineachcasetheinjectorburned
withinthefirstthreesecondsofoperation.Theburningwasinitiated
inthecenterportionoftheinjector.Inanattemptto eliminatethe
burningofthetwooxidant- onefuelimpin@ng-Jetinjector,a deflector
platewasintroducedbehindthecenterportionof theinjectorfaceto
provideformoreefficientcoolingofthesurface(fig.10). Onerun

N wasmadewiththisinjectorbuta burnoutresultedwithinthefirsttwo
m secondsofoperation.
2

Soliddepositsofammoniwfluorideonthecotiustion-chsmiberwalls
werenoticedwhenthefuelflowintothecombustionchambercontinued
afterthefluorineflowappearedtobe over.Thedepositscausedno
difficultyh theoperationoftheengine.

SUMMARYOFRESUZTS

Thetheoreticalperformanceoftheliquidfluorine,40percent
ammonia,and60percenthydrazinepropellantcombinationwascalculated
andexperimentswereconductedtodeterminetheperformanceofthecom-. binationsina 100-pound-thrustrocketengineata combustion-chamber
pressureof 300poundspersquareinchabsolute.Theinvestigation

. producedthefallowingresults:

1.Thepeakspecifichnpulsewiththeimpinging-jetinJectorand
50L*enginewas277pound-secondsperpoundat 37weightpercentfuel.
Theuseofa turbulencecoilwiththe1-1impinging-jetinjectorina
50L* en@neresultedinhigherspecificimpulsevaluesintheregion
of17to 35weightpercentfuel(whereresultantpropellantstreams
impingedonthecoil)thanthevaluesobtainedwiththeimpinging-jet
injectorwithouta coil.Themaxhumspecificimpulsewiththeimpinging-
jetturbulenceinjectorwas276pound-secondsperpoundandwasobtained
at 33weightpercentfuel.

2.Themaximumspecificimpulsewiththeimpinging-jetturbulence
coilinjectorincreasedtoapproximately284pound-secondsperpoundwhen
correctedfortheheatlossandsmalldeviationsofthecouibustion-cham%er
pressurefrom300poundspersquareinchabsolute.Thisvalueis94per-
centofthemaximumtheoreticalspecificimpulseforthefuelandnozzle
used. Thespecificimpulsefortheimpinging-jetinjectorwithoutthe
turbulencecoilwasincreasedto 282pound-secondsperpoundbythe
corrections.

3.Runsmadewiththe50L* enginewitha shower-headinjectorindi-
catedlowperfomnancethroughoutthefuel-oxidantrangeinvestigated.
Increasingthemixingandresidencetimeofthepropellantswiththe

. shower-headinjectorby increasingthecharacteristiclengthfrom50to
100inchesandinstallinga turbulencegridresultedinan increaseof
approximately15percentinperformance.

.
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4.Theexperimentalcharacteristicvelocitywiththe
turbulenceinjectorand50L* enginereacheda maximum.of

NACARME52H22

impinging-jet
6820feetper

secondat 33~eightpercentfuel:Thetheoreticalvalueof7090feetper
secondwasobtainedat 31weightpercentfuel.

5.Theexperimentalthrustcoefficientaveraged1.30as compared
withthetheoreticalvalueof 1.42.

6.The-heatrejectiontotheengineconfi~ation consistingofthe
impinging-jetturbulenceinjectorandtheW L enginevariedfrom2.0
to 3.6Btupersecondpersquareinch.Theheatrejectiontothe
impinging-jetinjectorand50L: enginev~ied from2.0to.2.5Btuper
secondpersquareinch.

7.Theheatrejectiontotheshower-headturbulence-gridinjector
withthe100L* enginevariedfrom2.0to2.4Btupersecondpersquare
inch;thisvaluewasasmuchas 20percentlowerthanthatobtainedwith
theimpinging-jetturbulenceinjectorand.the50L* enginewhilethe
performanceobtainedwaswithin4 percent.

8.Soliddepositsof ammoniumfluoridewereobtainedonthe
combustion-chamberwti butcausedno difficultyintheoperation
theengine.

CONCLUSION

of

Theattainmentofmaximumperformancewithliquidfluorineasthe
rocketoxidantrequiresa criticalstudyof injectordesignin spiteof
itsveryhighchemicalreactivity.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio
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